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A PERFECT (LCDM) UNIVERSE ?

The recent CMB 
measurements made by the 
Planck satellite are in perfect 
agreement with the 
expectations of the LCDM 
model. Planck collaboration, arXiv:1502.01589
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CONSTRAINTS ON NEUTRINO 
MASSES FROM PLANCK 
CMB ANGULAR SPECTRA

Ade et al., A&A 596, A107 (2016)                   
Better measurement of large angular scale 
polarisation improves significantly the previous 
constraint.

Ade et al., A&A 594, A13 (2016)                     
Planck 2015 constraint              

Constraints at 95% c.l., LCDM model is assumed.



NEUTRINO MASS AND THE CMB

Primary CMB anisotropies form at recombination, at redshift z=1300 
when the CMB was at a temperature of T~0.3 eV.  A neutrino with a 
mass of ~(0.34/3)~0.11 eV is still relativistic at that epoch. 

How I can place with CMB data this incredibly good upper limit ?



CMB LENSING
The gravitational effects 
of intervening dark 
matter fluctuations bend 
the path of CMB light on 
its way from the early 
universe to the Planck 
telescope. This 
“gravitational lensing” 
distorts our image of the 
CMB.



CMB LENSING

A simulated patch of CMB sky – before dark matter lensing
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A simulated patch of CMB sky – after dark matter lensing



CMB LENSING
CMB photons emitted at 
z=1100 are  deflected by 
the gravitational lensing 
effect of massive cosmic 
structures. 

This affects the CMB 
anisotropy angular 
spectrum by smearing the 
high l peaks. 

The shape of the spectrum 
changes by ~5% at l=1500. 

Planck is sensitive to these 
tiny variations ! 

Calabrese et al., Phys.Rev.D77:123531,2008



CMB LENSING

Massive neutrinos (m< 1 eV) practically do not form structure !  

More massive is the neutrino less structure we have -> less CMB lensing.



CONSTRAINTS ON NEUTRINO 
MASSES FROM PLANCK 
CMB ANGULAR SPECTRA

Ade et al., A&A 596, A107 (2016)                   
Better measurement of large angular scale 
polarisation improves significantly the previous 
constraint.

Ade et al., A&A 594, A13 (2016)                     
Planck 2015 constraint              

Constraints at 95% c.l., LCDM model is assumed. These limits are completely 
due to CMB lensing ! 

Such strong limits indicate that 
we have a clear detection of 
the lensing signal in the CMB 
spectra (more lensing less 
neutrino mass) !



CMB LENSING 2

CMB Lensing can be measured also in a different way.  

This different method is based on the trispectrum (TTTT) of the CMB 
maps. This results in a 40σ measurement of lensing.

Planck collaboration, arXiv:1502.01589



CMB LENSING 2
Thanks to trispectrum measurements it is possible to map the 
dark matter distribution !

Planck collaboration, arXiv:1502.01589



CMB LENSING 
Constraints at 68% c.l. (Planck 2015 release)

Planck TT+TE+EE
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Planck TT+TE+EE+lensing (TTTT)

When we include the lensing dataset from TTTT the 
constraint on the neutrino mass gets weaker !   

How this can be  possible ?



CMB LENSING
Let’s parametrize the 
amount of lensing in the 
CMB angular spectra by 
an effective parameter 
AL. 

AL=1 means that we 
have lensing as 
expected in LCDM. 

AL>1 we have too much 
lensing.

Calabrese et al., Phys.Rev.D77:123531,2008

AL=0,1,3,6,9 

AL=1 is what is 
expected under 
LCDM



THE AL PROBLEM
The most recent 
Planck analysis 
(arXiv:1605.02985) 
prefers AL>1 at 2.5 
standard deviations.

We have too much lensing in the CMB angular spectra ! This reflects in a stronger 
bound on the neutrino mass (less lensing, higher neutrino mass). When the lensing 
from TTTT is included we force lensing to have the standard value and the 
constraints on the neutrino mass are weaker. 

95% c.l. constraints on neutrino mass from Planck TTTEEE (2015): 

LCDM LCDM+AL



ANOMALIES IN TT SPECTRA ?
Cosmological 
parameters 
derived using data 
in this range of l…

…. are different from those 
derived using data in this 
other range of multipoles…

(LCDM and a prior on the optical depth τ=0.07±0.02 are assumed)

…. and from those 
obtained using the whole 
range of multipoles !



ANOMALIES IN TT SPECTRA ?
If we estimate LCDM parameters in 
the multipole range 2<l<1000 Planck 
temperature data gives slightly 
different values (1-2σ) than what we 
get when analyzing the whole range 
(2<l<2300). 

(Planck 2015 paper IX, arXiv:
1507.02704, figure 35, but see also  
discussion by Addison et al, arXiv:
1511.00055) 

From where it comes ? 

http://lanl.arxiv.org/abs/1507.02704
http://lanl.arxiv.org/abs/1507.02704
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ANOMALIES ARE 
SOLVED BY AL
When AL~1.2 we 
have the same 
parameters 
constraints from 
2<l<1000 and 
1000<l<2508 !

Addison et al, arXiv:1511.00055



Using only TT data in LCDM we get: 

TENSION ON OPTICAL DEPTH
Reionization affects both temperature and 
polarisation spectra. 

Both low-l polarisation bump and small 
scale temperature anisotropies (thanks to 
lensing) can bound the reionization optical 
depth. 

τ=0.099±0.024

τ=0.055±0.009
Using only EE data we get: 

i.e. we notice a tension at the level of ~1.7σ 

Using only TT data and varying AL we get: 

τ=0.059±0.021
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THE AL ANOMALY, MG ?
What it can be ? values of AL<1 can hint for 
unaccounted neutrino mass, but AL>1 can be 
produced only by having more lensing than CDM ! 
“modified gravity” could perhaps produce this (see 
Di Valentino, AM, Silk, PRD 2016) but is rather 
exotic.

Poisson eq.

Cosmic Shear

We use this 
prescription.

If this parameter is different from one 
then we need MG.

Degeneracy between AL and Σ.
Di Valentino, AM, Silk, Phys. Rev. D 93, 023513 (2016)



THE AL ANOMALY:CIP ?
Compensated Isocurvature Perturbations, J. B. Munoz wt al., Phys. Rev. D 93, 043008 (2016)

Primordial density 
Isocurvature 
perturbations

CIP (Smr=0)

Until last scattering we have:

CIP can be described as a small anisotropy (a large 
scale modulation) of baryon and CDM densities:  

If D is a gaussian variable CIP produce a modulation of Cl’s: 



THE AL ANOMALY:INTERACTING NEUTRINOS ?
Recent works have demonstrated than when considering a Fermi-like four-fermion 
interaction between massless neutrinos, characterized by an effective coupling 
constant Geff, a value of Geff>0 is compatible with the data.

Lancaster et al, arXiv:1704.06657

Oldengott et al, arXiv:1706.02123

Is this connected to AL ? 

In any case new physics is certainly well compatible 
with current CMB data.



Summarizing:

- Planck data is in spectacular agreement with the LCDM model. 

- However small (~2.5 standard deviations) hints for anomalies are present. 

- These anomalies could significantly affect current Planck constraints on 
neutrino masses. 

- Until the nature of these anomalies (new physics ? systematics ?) is clear 
we should be very conservative when considering cosmological 
constraints on neutrino masses.

PLANCK CONSTRAINTS ON NEUTRINO MASSES



BAO SN-Ia

Cosmic Shear

WHAT ABOUT EXTERNAL DATASETS ?



BAO data are in very good agreement  
with the PLANCK constraints obtained 
under LCDM…

Constraints at 68% c.l. from Planck TT+Lensing+BAO

We get a bound on the neutrino mass that is weaker by a 
factor 2 and even a mild detection for a neutrino mass !

BAO

Constraints at 68% c.l. from Planck 
TT+Lensing+BAO varying AL:

..but when we include AL…

Planck



TENSION  I

Joudaki et al, arXiv:1601.05786 Hildebrandt et al, arXiv:1606.05338

A clear tension (2.4 σ) is present between Planck and cosmic shear data from 
CFHTLenS and KiDS-450 on the σ8 vs Ωm plane. This comparison assumes LCDM.

http://lanl.arxiv.org/abs/1601.05786
http://lanl.arxiv.org/abs/1606.05338


TENSION II
The recent Riess et al. 
2016 (R16) 
determination of the 
Hubble constant: 

is more than 3σ away 
from the value 
determined by Planck 
assuming LCDM:

Reiss et al, arXiv:1604.01424



LCDM
The LCDM model is extremely successful but it is based on just 6 
parameters (flat universe + cosmological constant):

Ωcdm : energy density in cold dark matter 

Ωb : energy density in baryons 

ns : spectral index of density perturbations 

As : amplitude of density perturbations 

H0 : Hubble constant 

τ : reionization optical depth

Can we describe structure formation with just 6 parameters ?  



EXTENDED LCDM
Σmν : Sum of neutrino masses 

w :   Dark energy equation of state 

r : Contribution of GW 

n’ : running of the spectral index 

Neff : neutrino effective number (dark radiation) 

AL : lensing amplitude

It makes sense to extend LCDM including 6 more parameters:

What happens when we extend LCDM ? can we solve the 
tensions ? do we have hints for neutrino mass ?



Enrico Fermi:"I remember my friend Johnny von 
Neumann used to say, 'with four parameters I can 
fit an elephant and with five I can make him 
wiggle his trunk.‘”

http://www.nobel.se/physics/laureates/1938/fermi-bio.html
http://www.nobel.se/physics/laureates/1938/fermi-bio.html


Enrico Fermi:"I remember my friend Johnny von 
Neumann used to say, 'with four parameters I can 
fit an elephant and with five I can make him 
wiggle his trunk.‘”

http://www.nobel.se/physics/laureates/1938/fermi-bio.html
http://www.nobel.se/physics/laureates/1938/fermi-bio.html


Enrico Fermi:"I remember my friend Johnny von 
Neumann used to say, 'with four parameters I can 
fit an elephant and with five I can make him 
wiggle his trunk.‘”

http://www.nobel.se/physics/laureates/1938/fermi-bio.html
http://www.nobel.se/physics/laureates/1938/fermi-bio.html


Enrico Fermi:"I remember my friend Johnny von 
Neumann used to say, 'with four parameters I can 
fit an elephant and with five I can make him 
wiggle his trunk.‘”

Not true ! you need at least 15 parameters to fit a 2D 
elephant.

http://www.nobel.se/physics/laureates/1938/fermi-bio.html
http://www.nobel.se/physics/laureates/1938/fermi-bio.html


EXTENDED LCDM

Di Valentino, AM, Silk, Phys. Rev. D 92, 121302 (2015)
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EXTENDED LCDM
In an extended 
parameter space the 
Planck constraint goes 
down and spread over 
the Ωm vs σ8 plane.  

Planck is now 
consistent with 
CFHTLenS.

Di Valentino, AM, Silk, Phys. Rev. D 92, 121302 (2015)



Di Valentino, AM, Silk, arXiv:1606.00634
Phys.Lett. B761 (2016) 242-246 

68% c.l.

EXTENDED LCDM



68% c.l.

When we move to 12 parameters tensions and anomalies 
between datasets are mostly solved.  

Constraints on neutrino masses are weaker and we have even a 
mild detection (but don’t believe too much on it) in some cases !

Di Valentino, AM, Silk, arXiv:1606.00634
Phys.Lett. B761 (2016) 242-246 

EXTENDED LCDM



68% c.l.

But we found ~2 sigma indications for w<-1 and AL>1 in many 
cases ! new physics or systematics could be there and this affects 
bounds on neutrino masses !

Di Valentino, AM, Silk, arXiv:1606.00634
Phys.Lett. B761 (2016) 242-246 

EXTENDED LCDM



68% c.l.

No indication for extra relativistic particles !

Di Valentino, AM, Silk, arXiv:1606.00634
Phys.Lett. B761 (2016) 242-246 

EXTENDED LCDM
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DOES COSMOLOGY PREFER NORMAL NEUTRINO 
HIERARCHY ?

Capozzi, Di Valentino, Lisi, Marrone, Melchiorri, Palazzo, Phys. Rev. D 95, 096014 (2017)

No preference from conservative cosmological bounds 
that include Alens in the analysis. Some mild 
preference from the less conservative cases.

Some indication (about 2 standard deviations) when you 
include non-cosmological data (see Marrone’s talk).



FUTURE DATA
Future CMB data will be able to clearly 
shedding light on these anomalies.  

Considering a cosmic variance limited 
CMB experiment (as the proposed and 
unfortunately dead CORE satellite or the 
Stage-IV experiment), CMB bounds can be 
improved by a factor 5. 

There is an impressive activity in ground 
based and balloon borne experiments 
(see talks by Madhavacheril, Chinone and 
Reichardt).

Di Valentino et al, CORE collaboration
arXiv:1612.00021
Abazajan et al, S-4 collaboration, arXiv:1610.02743



CONCLUSIONS
- The Planck result is a spectacular success for cosmology ! 

- While the agreement is nearly perfect, we do see anomalies in the 
CMB data at about 2 standard deviations. 

- Moreover, not all cosmological datasets are in agreement when 
LCDM is assumed. 

- In this scenario, a conservative approach when considering 
cosmological bounds on neutrino masses should be taken. It is 
clearly too early to claim that NO is ruled out by cosmology (even 
if this could be the case…) 

- Plenty of future CMB experiments in construction and/or already 
taking data ! 


